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Abstract
The Midwest Regional Carbon Sequestration Partnership (MRCSP) is conducting large-scale CO2 injection into
carbonate reefs in northern Lower Michigan, using CO2-enhanced oil recovery (EOR) fields as test beds for 
understanding geoscience issues and developing best practices. Depleted oil and gas fields are of regional importance
as they are increasingly seen as a significant opportunity for geologic storage in Midwestern USA. The demonstration 
and concurrent technology transfer are aimed at promoting this early deployment option for carbon capture utilization
and storage (CCUS). Three types of reef are being evaluated: late stage reefs that have already undergone significant 
CO2-EOR, active stage reefs with ongoing CO2-EOR, and newly targeted reefs that are in primary production. Initial 
modeling and monitoring results, as well as feasibility assessments of using technologies such as tracer studies,
vertical seismic profiling, microseismic monitoring, borehole gravity survey, and remote sensing, are guiding the 
design of the long-term monitoring, verification, and accounting (MVA) program.
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1. Introduction
Established in 2003 by Battelle as a U.S. Department of Energy (DOE) funded public-private 
consortium, the Midwest Regional Carbon Sequestration Partnership (MRCSP) is seeking to lower costs
and other barriers for carbon capture utilization and storage (CCUS) by establishing the science, 
developing a cost effective modeling and monitoring regime, and providing experience needed to
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maximize pore space utilization and optimize efficiency. arbon Sequestration 
Program is being implemented in three incremental phases: the Characterization Phase; the Validation 
Phase; and the Development Phase. The Characterization Phase (2003-2005) focused on developing a 
comprehensive assessment of CO2 sources and sequestration opportunities in the MRCSP region (Fig 1), 
which includes the states on Ohio, Indiana, Michigan, Kentucky, West Virginia, Pennsylvania, New York, 
New Jersey, and Maryland. Based on this mapping activity, the MRCSP team developed 
recommendations for several small-scale geologic and terrestrial field tests to be conducted under the 
Validation Phase of the program [1]. During the Validation Phase (2005-2010), multiple, small-scale 
geologic and terrestrial field tests were conducted successfully throughout the MRCSP region [2, 3]. 
Development Phase research responds to the need to further increase scientific knowledge in preparing for 
future commercialization of carbon dioxide utilization and storage. Beginning in 2008, the research in this 
phase (2008  2019) will build on the knowledge and experience gained in previous phases to move 
beyond the small-scale validation field tests by implementing a substantially larger-scale injection of CO2 
(million metric tonnes). 
 
The MRCSP Development Phase will involve large-scale CO2 injections into multiple carbonate reefs 
of the Northern Niagaran Pinnacle Reef Trend at various life-cycle stages (Fig 1). The MRCSP is using 
CO2-enhanced oil recovery (EOR) oil fields to accelerate CCUS demonstration and serve as test beds for 
understanding geoscience issues and developing best practices, which will help to ensure that carbon 
utilization and storage can be done safely at commercial scales. It is estimated that Niagaran reefs could 
sequester several hundred million metric tons of carbon dioxide (CO2), and when combined with 
enhanced oil recovery (EOR) could provide additional benefit by increasing domestic oil production [4], 
helping the United States become energy independent. Depleted oil and gas fields are of regional 
importance as they are increasingly seen as a significant opportunity for geologic storage in Midwestern 
USA (Fig 1). An estimated 8500 million metric tons of CO2 could be stored within depleted oil and gas 
fields [5]. Based on the results of MRCSP Phase II research, the CO2-EOR in the region appears to be 
limited due to lack of ample supplies of affordable CO2 in proximity to suitable oil fields, which many 
exist in the region.  
 
 
Fig 1. (a) Northern Niagaran Pinnacle Reef fields located in Otego County serve as test beds, (b) Regional map of oil 
and gas fields deeper than 2500 ft within the MRCSP that may provide relatively near term CCUS opportunities  
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The MRCSP demonstration and concurrent technology transfer and deployment efforts are aimed at 
promoting this early deployment option for CCUS. Battelle is working with state geological surveys, 
universities, and companies within the MRCSP region to evaluate possible locations for future CO2 
injection for EOR, utilizing CO2 from industrial sources. This paper presents progress made in identifying 
candidate sites, constructing static and dynamic models, and designing a MVA program to collect the data 
needed to increase predictability of the effectiveness of CO2-EOR in mature oil fields and to support an 
effective regulatory regime for the region.  
2. Development Phase Project Objectives 
The MRCSP large scale injection test is part of a larger strategy established by the Department of 
Energy (DOE) National Energy Technology Laboratory (NETL) to: 1) develop technologies that will 
support industries' ability to predict CO2 storage capacity in geologic formations to within ±30 %; 2) 
develop technologies to demonstrate that 99 percent of injected CO2 remains in the injection zones; and 3) 
contribute technical expertise and lessons learned for development of Best Practices Manuals. Thus, a 
major research goal of the 1 million metric tonne injection test is to identify and test cost effective and 
useful monitoring techniques and to develop a hierarchical modeling approach to improve understanding 
of CO2 behavior in an EOR reservoir and also develop understanding of CO2 injection in similar deep 
saline reservoir settings. The project objectives include determining the structure, stratigraphy, fluid 
saturation, and history of nine individual reefs in the Niagaran Reef trend in northern Michigan.  
3. Site Selection 
Battelle is conducting site characterization, monitoring, and modeling work at multiple CO2 injection 
locations in Otsego County, Michigan area. The CO2 injection is for the ongoing or planned EOR 
operations in the Silurian age, oil bearing Niagaran carbonate reef formations. Based on their production 
life cycle stage, three types of reef will serve as test beds:  
 late stage reefs that have already undergone significant CO2-EOR,  
 active stage reefs with ongoing CO2-EOR,  
 and newly targeted that are in primary production and have not yet undergone CO2 injection. 
 
The selected site is owned and operated by Core Energy, LLC. This site offers significant 
advantages, including: having in place effective regulatory oversight and permitting, commercial EOR 
fields operations within an area where the public is accustomed to and amenable to using CO2 to extract 
more oil from existing wells than would be otherwise possible; and probably most importantly the site 
selected for our research allows us to leverage existing wells, infrastructure (e.g. production facilities, 
pipelines), historical datasets, and an CO2 supply. Additionally, the area has a well established vendor 
network needed to test tools, methodologies, and long term MVA practices (Fig 2).  
 
Nearly depleted reefs offer the opportunity to explore the potential of EOR developments in partially 
oil-saturated zones, which could possibly significantly expand sequestration capacity while increasing the 
production of otherwise stranded oil reserves. Newly targeted reefs (yet to be selected) provide valuable 
opportunities to piggyback on new wells that will be drilled for the CO2-EOR operations to collect 
extensive core samples, advanced wireline logs, and advanced reservoir well tests. 
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Fig 2. (a) Plan view of Dover 33 field  a late stage depleted reef - showing existing infrastructure and plugged wells, 
(b) Existing 3D seismic data for Dover 33 and vicinity will be a key contribution in better understanding the geologic 
environment and developing detailed models 
4. Modeling 
Battelle is conducting reservoir studies to evaluate CO2 migration within the subsurface and to 
understand the potential for CO2 storage. A hierarchical modeling approach is being implemented to 
develop an understanding of reef injectivity and capacity as a function of geology, well locations, 
operational history, displaced fluids, and geochemical reactions. Within all three reef types, wells and 
pipelines will be instrumented to obtain geological and operational data that will be used to validate 
reservoir simulation models, and provide material balances on the EOR operations to determine how 
much CO2 is utilized during EOR operations and ultimately could be retained in the formations.  
 
A numerical reservoir simulation model will be developed for one or more reefs to characterize the 
fate of injected CO2 in an EOR operation. Expected outcomes of the reservoir modeling include estimates 
of original oil in place (OOIP), remaining oil, remaining recoverable oil, quantity of CO2 required to 
recover the oil, and potential CO2 storage capacity of the reef following CO2-EOR. The modeling also 
could be used to evaluate potential hydrologic interaction between the reefs and the surrounding rock 
formations. The overall work flow for developing the numerical reservoir models includes two major 
activities: development of a static earth model and development of the numerical simulation model(s). 
Each of these is briefly described below. 
4.1 Static Earth Model 
Existing and new geological characterization data collected in this subtask will be compiled and 
integrated into a static earth model for selected reefs. The model will delineate, in three dimensions, the 
depth and thickness of the key geologic zones comprising the injection (production) zone and overlying 
confining layers for each reef and define petrophysical properties for each zone.  
 
The Level 1 static earth models to be initially developed will delineate the major geologic formations 
comprising the reefs [e.g., A-1 Carbonate [aka Ruff Formation], Brown Niagaran [aka Guelph 
Formation], and Gray Niagaran]. These zones may be further subdivided in the numerical reservoir 
simulation model for the purpose of achieving better flow modeling resolution. The surface of each key 
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geologic layer will be identified based on drilling logs and geophysical logs for each well and 3D surface 
seismic data. Fig 3 shows the surface of the A-1 Carbonate, which defines the upper surface of the 
injection zone, for the Dover 33 reef (a late stage reef), which is one of the reefs included in the large-
scale injection project. The next step will be to develop and refine a petrophysical model that defines key 
properties (e.g., porosity, permeability, and water saturation) that affect fluid migration within the reefs 
based on existing and newly acquired geophysical log data, core data, and other data (e.g., well test data). 
Several types of porosity logs are available, including neutron porosity, density-derived porosity, and 
sonic porosity.  
 
 
 
Fig 3. Example structure contour map of the A-1 Carbonate in the Dover 33 reef based on 3D seismic and well logs.  
4.2 Numerical Reservoir Simulation Modeling 
Two different types of reservoir models are being considered for this assessment: (1) tank-type zero-
dimensional models, and (2) distributed parameter multi-dimensional models. The choice of modeling 
approach for each of the reefs will depend on the quality and quantity of available information (i.e., 
production history, geologic data, fluid property characterization, etc.), as well as the availability of 
resources.  
Tank-type models, also known as material balance models, express the relationship between fluid 
injection and extraction into a control volume. The reservoir voidage (i.e., total fluid produced) is equated 
to oil and gas expansion, fluid injected, and water influx into the reservoir. The fluid expansion terms and 
water influx are generally expressed as a function of OOIP and average reservoir pressure, whereas all of 
the other injection/production terms are known from historical data. A simple history match using these 
material balance concepts therefore results in an estimate of the OOIP. The application of this model to 
future injection and/or injection/production conditions can provide estimates of CO2-EOR recovery 
history, as well as total CO2 storage capacity and the corresponding pressure buildup. In order to account 
for the complexity of CO2-oil phase behavior, material balance calculations will be carried out using a 
reservoir simulator via a single-cell (i.e., tank) model.  
 Neeraj Gupta et al. /  Energy Procedia  37 ( 2013 )  6800 – 6807 6805
Distributed parameter models build upon a geologic framework (i.e., static earth models as described 
above) and simulate the dynamics of oil-CO2 interaction in 3-D using a standard reservoir simulation 
workflow. The steps involved in this process are:  
 upscaling the static earth model grid and populating it with reservoir properties (porosity, 
permeability); 
 assigning fluid properties to describe oil-gas-water and oil-CO2 phase behavior characteristics 
through an equation-of-state model; 
 history matching primary production and secondary injection and recovery data to constrain oil-
in-place and reservoir property distributions;  
 making forecasts of oil recovery following continued CO2 injection, and periodic history 
matching to better calibrate the model by comparing actual recovery to forecasted values; and, 
 estimating CO2 storage potential within the reefs at the end of commercial CO2 EOR. 
 
The simulations will be carried out using a state-of-the-art compositional simulator as well as through 
existing or newly developed simplified modeling approaches. 
4. Monitoring, Verification and Accounting 
A portfolio of monitoring options is being evaluated and deployed based on life-cycle state, 
infrastructure, and technology readiness (Fig 4). The three types of reefs aforementioned and described  
 
 
Fig 4. Dover 33 provides a test bed to advance technologies for tracking CO2, brine, and oil migration underground 
in a closed reservoir 
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will serve as test beds. Nearly depleted reefs also offer the opportunity to explore the potential of EOR 
developments in partially oil-saturated zones, which could possibly significantly expand sequestration 
capacity while increasing oil production and reserves. Newly target reefs also provide valuable 
opportunities to piggyback on new wells that will be drilled for the CO2-EOR operations to collect 
extensive core samples, advanced wireline logs, and advanced reservoir well tests.  
 
Table 1 lists the MVA methods being used for the late state and active reefs. Preliminary results of 
modeling efforts, baseline pressure and temperature monitoring, reservoir testing, and fluid and gas 
sampling, as well as feasibility assessments guided the design of the large-scale monitoring program.  
 
Table 1. Potential MVA methods for the late stage and active reef 
 
Monitoring Technique Purpose Location and Frequency 
Well logging (pulsed neutron 
capture logging) 
Characterize vertical distribution of fluids 
(oil, CO2, water) adjacent to wellbore to 
help monitor CO2 movement through 
reservoir during CO2-EOR 
All accessible wells within each reef; 
periodically during CO2-injection. 
Reservoir Pressure and 
Temperature Monitoring  
Monitor pressure and temperature 
throughout reservoir during EOR for 
analysis/monitoring of reservoir 
hydrologic properties and well conditions 
and for model calibration. 
All injection and monitoring wells in 
late stage reef; continuously.  
Injection wells in active reefs; 
continuously. Other accessible wells 
in active reefs; periodically by 
conducting static and/or flowing 
 
CO2 Flow Quantities Determine CO2 and other fluid mass 
balances 
Monitor injection and production of 
CO2 and other reservoir fluids during 
project duration 
Sampling and Analysis of 
Produced Reservoir fluids 
Characterize fluid physical properties and 
composition. 
Production wells; periodically during 
CO2-EOR. 
   
Isotope Tracers To investigate the behavior of injected 
CO2 and the interactions between the 
reservoir components.  
Gases and fluids to be sampled in the 
late-stage reef at all accessible 
sampling points; before, during and 
after large-scale CO2 injection 
Vertical Seismic Profiling Assess the location of the injected CO2 
and potential movement of oil to the 
producing wells; better characterization of 
the geology 
Injection well in the late stage reef 
before and after large-scale injection 
Microseismic Monitoring Conduct feasibility assessment of this 
method to detect changes in the formation 
due to repressurization. 
Accessible wells in the late-stage reef; 
once during start of injection 
Borehole Gravity Survey Characterize subsurface geology; monitor 
movement of the CO2 front 
Injection well in the late stage reef 
before and after large-scale injection 
Interferometric Synthetic 
Aperture Radar (InSar) 
Conduct surface deformation monitoring 
and analysis to map CO2 migration 
through the reservoir. 
Wide range coverage of all reefs in 
study area; satellite data collected 
before, during, and after injection. 
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5. Conclusion 
The MRCSP is assessing technologies and practices required to implement CCUS on a commercial 
scale. CO2-EOR fields provide practical opportunities to develop CCUS technologies while increasing 
domestic oil production and oil reserves. Based on the results of MRCSP Phase II research, the CO2-EOR 
in the region is limited due to lack of ample supplies of affordable CO2 in proximity to the many suitable 
oil fields in the region. The MRCSP demonstration and concurrent technology transfer and deployment 
efforts are aimed at promoting this early deployment option for CCUS. 
 
As of October 2012, the large-scale CO2-injection project is nearing field injection stage and 
preliminary modeling and site characterization work have been completed. Preliminary results of 
modeling efforts, baseline pressure and temperature monitoring, reservoir testing, and fluid and gas 
sampling, as well as feasibility assessments of using technologies such as tracer studies, vertical seismic 
profiling, microseismic monitoring, borehole gravity survey, and remote sensing to evaluate, monitor, and 
predict CO2 behavior underground will guide the design of the large-scale MVA program.  
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